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Available online 10 February 2018Biomass gasiﬁcation shows great potential to displace fossil fuels. This paper states the steady state simulation for
the gasiﬁcation of palm oil empty fruit brunch (EFB) in pilot plant downdraft reactor and modelled using Aspen
Plus®. The biomass was characterized to evaluate the degree of feedstock's structural order. The effect of reactor
temperature and pressure on syngas production of downdraft gasiﬁcation of EFB at the constant steam ﬂow rate
of 186.37mol/hwere investigated. The results revealed the concentration of hydrogen and CO increased from 12
to 17.5 mol% and 55–60.6 mol% respectively, but the CO2 concentration decreased from 30 to 19.4mol% with in-
creasing temperature (875–975 °C) and pressure (25–35 bar). The results indicated that the product gas from co-
gasiﬁcation with charcoal has higher H2 and CO concentrations in comparison with the EFB gasiﬁcation. There-
fore, co-gasiﬁcation of the feedstock has a signiﬁcant potential to overcome the problem of disrupted feedstock
supply in gasiﬁcation.
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Energy consumption increases exponentially with the rapid incre-
ments of the global population, urbanization and industrial expansion.
World's energy is facing a critical situation due to the depletion of lim-
ited fossil fuels. N80% of the world's energy demand is covered by
non-renewable energy resources (oil, gas, coal etc.), whereas renewable
energy resources cover only 10–15% (Singh and Sekhar, 2016). In terms
of environmental consideration, biomass contains the negligible
amount of sulfur (S), produce fewer ash particles and generate the
least amount of air emissions in comparisonwith fossil fuels (coal treats
as a dirty energy and oil creates adverse environmental impact) (Cai
et al., 2017). Therefore, biomass combustion does not contribute to sul-
fur dioxide (SO2) emissions,whichmay cause acid rain. In addition, con-
tinuous development of the technological exploitation and discovery of
new reserves of oil and gas cannot meet the energy demand, and thus a
gap exists between the demand and the supply of fuel resources. Conse-
quently, due to increasing demand of energy, more attention has been
paid to develop new renewable energy sources. Suzuki et al. (2017) re-
ported on the biomass energy utilization from the lignocellulosic bio-
masses of empty fruit bunches (EFB). In this aspect, this biomass
based syngas production could be the suitable alternative for non-
renewable energy sources in future for Malaysia..Lignocellulosic biomasses are composed of three main macromole-
cules: cellulose (40–50 wt%), hemicellulose (25–35 wt%) and lignin
(16–33 wt%) that could be converted to energy by thermochemically
(Cai et al., 2017). Themain elemental composition of biomasses are car-
bon (C), hydrogen (H) and oxygen (O) molecules that are bonded to-
gether and broken by combustion or decomposition (Chen et al.,
2016). Energy from gasiﬁcation involves some repeated processes
which are drying, pyrolysis, oxidation and reduction. Products are ob-
tained in three stages: low molecular weight liquid, gas fuel and solid
residue (Sikarwar et al., 2016). Different types of gasiﬁers (reactors)
are generally used for syngas production; such as ﬁxed bed gasiﬁer
(downdraft and updraft), ﬂuidized bed gasiﬁer (circulating and bub-
bling) and entrained ﬂow gasiﬁer (Oakey, 2015). The choice of the reac-
tor is usually depended on the feedstock type, size, moisture content
and end product with the interaction system of steam/oxygen/air
(Sansaniwal et al., 2017). The simulation modelling is very useful
since it provides precise analysis of a processwithout performing exper-
imental study. Suitable selection of simulation model helped to ﬁnd the
optimized process that can reduce time and expenses involved in exper-
imental studies (Buyya and Murshed, 2002). Aspen plus simulator is a
software tool used for the simulation of gasiﬁcation process, combus-
tion and coal gasiﬁcation along with the integrated coal/biomass gasiﬁ-
cation to predict the syngas, synthetic natural gas (SNG) and power
production (Shahbaz et al., 2017).
At present, Malaysia is the world's largest producer and exporter of
palm oil and produces about 47% of the world's supply of palm oil
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residues of EFB in Malaysia (Mubarak et al., 2014). Oil palmwaste is re-
ported to be the second largest biomass energy potential in the country
(Suzuki et al., 2017). Hence, the mole fraction of this biomass into syn-
gas production is very suitable for future energy demand. Consequently,
charcoalwhich is the by-productmaterials produced from biomass gas-
iﬁcation is converted into activated carbon due to its hardness and abra-
sion resistance (Kaman et al., 2017). This charcoal might be the
potential energy sources for better combustibility by co-ﬁring with bio-
mass (Yi et al., 2013). The addition of char (charcoal) with biomass dur-
ing co-gasiﬁcation will enhance the gasiﬁcation process (Monir et al.,
2017).
A state-of-the-art research of co-gasiﬁcation of EFB in a downdraft
reactor in a pilot scale approach is to optimize syngas production from
co-gasiﬁcation of EFBusingAspen plus simulator a software. Process op-
timization refers to a holistic approach that should be taken into account
in order to search suitable parameters and thereby minimization of
overall processing cost. Few papers have been published on this subject.
Syngas production from biomass have been reported by some re-
searchers (Adeyemi et al., 2017; Adrados et al., 2017) and synergy, char-
acterization, reactivity and compositional analysis for bioenergy
production were mainly focused. Studies on the pyrolysis on the
waste tires, oil palm biomass, cellulose, hemicellulose, lignin and the
production of sugars from the ﬁbers have been reported (Ismail et al.,
2017; Loh, 2017). Advanced simulation of biomass gasiﬁcation in a ﬂu-
idized bed reactor using aspen plus (Peters et al., 2017; Zhang et al.,
2017) especially, co-gasiﬁcation of chars of blended coal and biomass
and their kinetic reaction were highlighted. The effect of CO on coal–
biomass co-gasiﬁcation with CO2 approach has been outlined recently
(Farid et al., 2017). According to author's best knowledge, co-
gasiﬁcation of EFB in a downdraft reactor has not been discussed ade-
quately in literature. The objective of this studyhas twoparts,ﬁrst to de-
velop a simulation model for EFB co-gasiﬁcation of while investing the
effect of process parameters temperature (500–1200 °C) and pressure
(1–55 bar), lower heating value (LHVgas), higher heating value
(HHVgas), cold gas efﬁciency (ECG) and carbon conversion efﬁciency
(ECC). In the second part, the result of the simulationmodel is compared
with the experimental results obtained from the pilot scale setup that
was simulated in the model.
2. Materials and methods
2.1. Feedstock preparation
In this study, palm oil empty fruits branch (EFB) and charcoal were
selected as a feedstock for the co-gasiﬁcation process. Feedstock re-
quired some essential step to avoid any disruption to the reactor and
also to produce high quality of gas product that imposed the rawsample
in preparation for the pre-gasiﬁcation process. EFB was collected from a
palm oil mill industry (LKPP Corporation Sdn Bhd, Kilang Sawit, Lepar,
Lebuhraya Tun Razak, Gambang, Pahang) and charcoal was collected
from previous gasiﬁcation. EFB was kept under the sun for two weeks
to maintain its freshness. The dried sample was immediately placed in
a sample bag to avoid its contamination. The average dimension of feed-
stocks ware 20 mm square with 10 mm thick which was used for gasi-
ﬁcation by a downdraft gasiﬁer (Atnaw et al., 2017b). In order to have
an appropriate homogeneous sample obtainable for characterization
were crushed using the high-speed rotary cutting mill and then sieved
to desired particle size (b300 μm).
2.2. Feedstock characterization
Proximate analysis of EFB and charcoal were carried out by thermo-
gravimetric (TGA) andderivative thermogravimetry (DTG) (Mettler To-
ledo TGA/DSC1) analyzer. This technique usually used for the
determination of relative percentage of MC, VM, FC and AC in thebiomass materials (Atnaw et al., 2017b). Approximately, 10 mg of
each dried EFB and charcoal (powder sample) were placed in a small
alumina crucible and weighted. The oven temperature was pro-
grammed starting at 25 °C to a maximum temperature of 1000 °C. The
heating rate was 100/min under 30ml/min N2 purging. The VM fraction
was considered between the temperatures of 120 °C and 600 °C (Omar
et al., 2011). The ignition and the peak temperature of EFB and charcoal
were detected by the ﬁrst derivative of TGA curve called DTG curve.
The FTIR analysis was used to determine the particular functional
groups existed within the feedstocks. All spectra were identiﬁed with
a Perkin–Elmer, 670 FTIR spectrometer in a transmission mode and
scanned over the range between 400 and 4000 cm−1 wavenumbers
with a resolution of 4 cm−1. Potassium bromide (KBr) was mixed
with pellets of selected samples at the ratio of 10:1 and rate of
0.5 cm/s. The background scans were also collected prior to spectra
measurement. The FTIR spectral sets of data were analyzed by using
Principle Component Analysis (PCA) to study the chemical variations
(Cantero-Tubilla et al., 2017).
The measurement of wide-angle X-ray diffraction of EFB and char-
coal samples were made on a XRD-6000, Shimadzu X-ray diffractome-
ter system. Cu-Kαradiation (wave length: λ= 0.15418 nm) was used
as the source. The X-ray diffraction patterns were recorded in a range
from 10° to 80° in 2θ, at a scan rate of 5° min−1. The crystalline size
was calculated by using Scherrer equation (Baharuddin et al., 2013).
Themorphological structure (size, shape, regularity and agglomera-
tion of nanoparticles and cellulose) of EFB and charcoal were observed
by TEM analysis. TEM images were obtained on a transmission electron
microscope (Brand: FEI, Model: Tecnai–G2–20–Twin), operated at an
acceleration voltage of 200 K. The XPS analysis was performed to inves-
tigate the chemical composition and its binding energies for both EFB
and charcoal using a PHI 5000 VersaProbeII Scanning X-ray photoelec-
tron spectroscope (XPS) Microprobe.
The ultimate analysis was carried out by CHNS elemental analyzer
(EQPCL 200 Elementar, Germany, Vario Macro Cube) to determine the
element (C, H, N, S) based chemical composition of EFB and charcoal.
The O was calculated by the subtraction method. Approximately, 2 mg
of very ﬁne dried samples were placed in a tin capsule and crimped.
During experiments, three types of crimped capsules were placed in
the auto sampler. The oxidation temperature of this analyzer was set
as 1000 °C. The used carrier gas was helium (He). The analysis was
run automatically using a speciﬁc computer program. The elemental
composition of all samples was given in percentage.
Heating value is one of the most important fuel property of biomass
which indicates the energy content of fuel for thermochemical conver-
sion. The higher heating value (HHV) of feedstocks were measured
using the Eq. (1) as follows (Channiwala and Parikh, 2002):
HHVbiomass ¼ 0:3491MC þ 1:1783MH
þ 0:1005MS−0:1034MO−0:0151MN−0:0211MAC ð1Þ
HHVbiomass=Higher heating value (MJ/kg);MC,MH,MS,MO,MN and
MAC are themass percentage of carbon, hydrogen, sulfur, oxygen, nitro-
gen and ash content, respectively.
The lower heating value (also called net caloriﬁc value) is deter-
mined by subtracting the heat of vaporization of water vapor (gener-
ated during combustion of feedstock) from the higher heating value
was calculated using the Eq. (2) as follows (Basu, 2010).
LHVbiomass ¼ HHVbiomass−hg
9H
100
þ M
100
 
ð2Þ
LHVbiomass = Lower heating value (MJ/kg); H and M are the hydro-
gen and moisture percentage, respectively and hgis the latent heat of
steam in the same units as HHV (i.e. 2.260 MJ/kg).
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The reactor was made of mild steel (MS) sheet having the thickness
of 10 mm. Height and diameter of the reactor was 1000 mm and
400 mm, respectively. The design capacity of the pilot scale downdraft
reactor was use of 50 kW of thermal output. A necking or throat of
slope angle (~70°) was provided near the grate inside the reactor in
order to ensure frequently down ﬂow of the feedstocks by gravitational
attraction. The reactor system consisted of four zones: (i) upper drying
zone, (ii) upper-middle pyrolysis section, (iii) lower-middle oxidation
zone, and (iv) lower reduction zone that are connected with K type
thermocouples. The reactor was attached with the data logger through
these thermocouples for real time data acquisition and continuously re-
corded the thermal proﬁle of reactor. This reactor was also equipped
with air blower, vacuum valve, rotameter, gas ﬂare point, cyclone sepa-
rator, heat exchanger, online portable gas analyzer (Fig. 1). Theﬂow rate
capacity of the air blowerwas upto 60N/m3 for the supply of inlet atmo-
spheric air to the reactor. The air ﬂow rate was controlled by the rota-
meter ﬁxed with the blower. Inlet air pipe was connected with the
reactor to ﬂow the air into the oxidation zone. The cyclone separator
is the ﬁrst puriﬁcation unit for the production of syngas that existed be-
tween the reactor heat exchanger system. The main purpose of this pu-
riﬁcation system was to remove the ﬁne particles (carbon) that leaving
the producer gas. Usually, it is less prone to explosion and it offers a bet-
ter advantage in high temperature application (Nwokolo et al., 2016).
The heat exchanger was also used in this system to recover the waste
heat from hot syngas and convert it as a usable heat. An online portable
gas analyzer (Model: IRCD4, Sensor type: Infrared and Electrochemical,
China) which was calibrated, allows the concentrationmeasurement of
CH4: (1−100) vol% (±0.5%) of displaced value, CO2: (0−100) vol% (±
0.5%) of displaced value; CO: (0−1000) ppm and H2: (0–1000) ppm
was used to monitor the produced syngas. Produced gas was also col-
lected by gas sample bags for further analysis using Gas Chromatograph
-thermal conductivity detector (GC-TCD).
The reactor was used for the experiment of EFB gasiﬁcation and co-
gasiﬁcation (EFB and charcoal) are shown in Fig. 1. The optimization of
the major output parameters (i.e., the higher heating value of syngas)
were considered with respect to the main operating parametersFig. 1. Experimental Setup for Syngas Production: (Adeyemi et al., 2017) EFB and charcoal (Ad
thermocuples, (Atnaw et al., 2017a) reactor, (Atnaw et al., 2017b) gas ﬂare points, (Baharudd
and Murshed, 2002) clean gas sampling point, (Cai et al., 2017) gas sampling bag, (Cai et al.,
Tubilla et al., 2017) computer.(i.e., temperature, air ﬂow rate and moisture content) was reported
Atnaw et al. (2017a).
Based on the produced gas composition, Lower heating value (LHV),
Higher heating value (HHV), cold gas efﬁciency (ECG) and carbon con-
version efﬁciency (ECC) were calculated using the equations (Eqs. 3, 4,
5 and 6) as follows (Shahbaz et al., 2017; Valdés et al., 2015).
LHVgas ¼ 30 COþ 25:7 H2 þ 85:4 CH4ð Þ  0:0042 ð3Þ
HHVgas ¼ H2  30:52þ CO 30:18þ CH4  95ð Þ  0:0041868 ð4Þ
ECG ¼ LHVgasLHVbiomass
 
% ð5Þ
ECC ¼ Moles of carbon producedMoles of carbon in feed
 
% ð6Þ
3. Results and discussion
3.1. Characterizations
The thermal degradation proﬁle of EFB and charcoal was observed
within the temperature ranges from 25 °C to 1000 °C (Fig. 2). There
are three stages of biomass degradation in the TGA curve such as
(i) insigniﬁcant mass reduction to evaporation of MC and light VM at
ambient temperature (120 °C); (ii) signiﬁcantmass loss at temperature
ranges from 120 °C to 400 °C, where organic compounds (cellulose and
hemicellulose) were devolatilized; The characterization results for EFB
(Fig. 2a) indicates that the cellulose and hemicellulose were
decomposed at the temperature of 120 °C to 400 °C effortlessly with
the weight loss of 0.055 (wt%/°C) at 230 °C. When the temperature
was higher than 400 °C, almost all cellulose and hemicellulose was py-
rolyzed with minimum solid residue (∼7 wt%/°C). (iii) very slow mass
loss above 400 °C caused by the degradation of lignin compounds (or
other chemical compounds which have strong chemical bonds). On
the other hand, charcoal degraded gradually (Fig. 2b) within the tem-
perature ranges of 80 °C to 350 °C and 350 °C to 950 °C. The ligninrados et al., 2017) air blower, (Al-Rahbi and Williams, 2017) rotameter, (Ali et al., 2017)
in et al., 2013) cyclone, (Basu, 2010) cooling heat exchanger, (Basu, 2013) ﬁlter, (Buyya
2016) online portable gas analyzer, (Cai et al., 2014) temperature data logger, (Cantero-
Fig. 2. TGA andDTG curves for (a) EFB and (b) Charcoal at a heating rate of 100/min and at the temperature range of 25 °C to 1000 °C (c) Ternary diagram based on VM, FC andAC value for
EFB and charcoal.
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The sudden degradation of the same sample was observed in the tem-
perature ranges from 800 °C to 960 °C. The maximum temperature for
lignin decomposition was 900 °C, where the weight loss of biomass
was 0.90 (wt%/°C). Nonetheless, for charcoal sample, all of its compo-
nents were decomposed at 0.92 (wt%/°C) at 960 °C. The lignin was the
most difﬁcult part for biomass to decompose and its decomposition
happened very slowly under the whole temperature proﬁle from ambi-
ent to 960 °C. From the TGA curve, it can be concluded that the required
minimum temperature for EFB gasiﬁcation would be 900 °C, and for co-
gasiﬁcation by adding charcoal would be 960 °C for performing the
maximum energy efﬁciency.
By increasing the temperature, EFB and charcoal took place with
an associated heat release (100/min) shown in the DTG curves
(Fig. 2a and b). The heat ﬂow happened within the temperature of
25 °C to 1000 °C. The peak proﬁles on DTG curves were observed at
299.16 °C for EFB, whereas peak for charcoal was observed at the
temperature of 910.70 °C. DTG curve for EFB showed another signif-
icant peak at the temperature of 821.52 °C. On the contrary, charcoal
showed a single peak on its whole DTG proﬁle. The DTG analysis con-
cludes that major components of EFB were combusted within the
temperature range of 300 °C to 325 °C. The remaining components
of EFB and charcoal were combusted within the temperature ranges
from 750 °C to 960 °C. Therefore, the minimum gasiﬁcation temper-
ature would be 900 °C and co-gasiﬁcation temperature of EFB with
charcoal would be 960 °C for the complete gasiﬁcation process.
During the gasiﬁcation process, it was involved many complex
chemical reactions, which was difﬁcult to assess their energypotentialities. However, it can be assumed from TGA and DTG analyses
which signiﬁes the mass loss with increasing temperature and their
heating rate (El may et al., 2012). Fig. 2a indicated that the mass loss
for EFB was identical, whereas for charcoal (Fig. 2b) it was moderately
deviated. In this aspect, a ternary diagramwas used for biomass conver-
sion process to observe the phase behavior of lignocellulosic biomass
and charcoal component (Basu, 2013). A ternary diagram was plotted
by considering the proximate analytical parameters of FC, VM and AC
that is shown in Fig. 2c, which is represented the phase behavior of
three components.
The moisture content (dry basis) of both samples was b10%, which
indicated the potential usage of the selected biomass for gasiﬁcation
(Yang and Chen, 2015). Indeed, the drying process would be needed
for biomass before gasiﬁcation to achieve the maximum performance
of the co-gasiﬁcation. The volatile matter of EFB was slightly more
than charcoal. The higher VM containing biomasses might be more efﬁ-
cient (easily ignited) than charcoal that would be favorable for syngas
production (Loh, 2017). VM of EFB was 69%, whereas charcoal was
67.4% (Table 1). The percent of FC was 18.5% for EFB, whereas the
valuewas 20.6% for charcoal. VM and FC are the twomost important pa-
rameters that represent the chemical energy reserved within the bio-
mass. The higher the VM/FC ratio of biomass and charcoal attributed
more potential energy that would be released (Titirici et al., 2006).
Therefore, the biomass ratio would be higher than the charcoal during
the co-gasiﬁcation process. On contrary, EFB contained less FC (b20%)
than charcoal (N20%) (Table 1 and Fig. 2c). Higher FC of charcoal
would be the best mixture with biomass during co-gasiﬁcation because
of charcoal's longer combustion time that assisted biomass to release
Table 1
Properties of empty fruit bunch and charcoal compared with the literature (Adrados et al.,
2017; Chew et al., 2016) and Calculation of LHV, HHV, cold gas efﬁciency and carbon con-
version efﬁciency of produced syngas.
Properties EFB Charcoal
Exp. Liter. Exp. Liter.
Proximate analysis (wt%)a MC 5.5 7.16 7 11.4
VM 69 68.58 67.4 69.7
FC 18.5 17.30 20.6 16.9
AC 7 6.96 6 2.0
Ultimate analysis (wt%)a C 42.33 44.80 55.43 52.7
H 5.28 7.30 1.05 3.7
Ob 50.84 46.78 42.42 43.5
N 1.46 0.65 1.03 0.1
S 0.08 0.47 0.06 0.1
HHVbiomass (MJ/Kg) 15.58 19.29 16.07 18.22
LHVbiomass (MJ/Kg) 14.39 17.65 15.70 17.21
LHVgas (MJ/Nm3) 10.42
(Gasiﬁcation)
10.88
(Co-gasiﬁcation)
HHVgas (MJ/Nm3) 10.47
(Gasiﬁcation)
10.92
(Co-gasiﬁcation)
Cold gas efﬁciency (%) 72.41
(Gasiﬁcation)
73.61
(Co-gasiﬁcation)
Carbon conversion efﬁciency (%) 60.85
(Gasiﬁcation)
66.73
(Co-gasiﬁcation)
MC = Moisture content; VM = Volatile matter; FC=Fixed carbon; AC = Ash content;
HHV=Higher heating value; LHV= Lower heating value.
a Dry basis.
b By difference.
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have the adverse effect on the fuel quality. In addition, higher AC stipu-
lates reactor maintenance that increases the operational cost. Ash con-
tent in the EFB was seen to be more (7%) than charcoal (6%). Charcoal
contained relatively low VM/FC ratio of 3.27 than the EFB (3.72) as a re-
sult of pyrolysis (Fig. 2c). The presence of more ash may cause blockage
at the grate hole inside the reactor, and would require higher mainte-
nance cost. Although it might be acted as an absorbent of tar (Loh,
2017). Therefore, the charcoal became highly resistant to further de-
composition and thermochemical processes during co-gasiﬁcation
with biomass.
The elemental composition of EFB and charcoal are presented in
Table 1. Themost remarkable result obtained from the ultimate analysis
is the indication of the presence of C percentage. In EFB, it was b50%, and
for the charcoal, it was N50%. During the gasiﬁcation process, this C
might be converted into CO and CO2 reacting with O2 where CO is the
main component of syngas according to the reaction: (Cai et al.,
2017). Furthermore, the EFB contained more H percentage (5.28%)
than charcoal (1.05%), similar trends followed in the literature
(Table 1). Therefore, EFB is the principle source of H that is converted
into H2 and H2O. This H2 is the another main component for syngas
that could be produced during the co-gasiﬁcation of biomass and char-
coal at the temperature of 900 °C (Al-Rahbi and Williams, 2017). The
other elements of biomass such as N and S are undesirable emissions
in the form of NOx and SOx. The lower content of those elements in ex-
perimental and literature suggested the potential usage of selected bio-
mass for co-gasiﬁcation with charcoal that would be environmentally
friendly (Loh, 2017).
The HHV of EFB and charcoal were calculated using Eq. (1) and
Eq. (2) based on the analytical data as shown in Table 1. The heating
value of EFB and charcoal were compared each other andwith the liter-
ature (Table 1). TheHHVof charcoal (16.07MJ/kg) is little bitmore than
the EFB (15.58 MJ/kg). Although in the literature it is slightly reverse
trends. LHV for charcoal (15.70 MJ/kg) is also more than the EFB
(14.39 MJ/kg), similar trend was shown in the literature value
(Adrados et al., 2017). Comparing experimental results with the litera-
ture value the higher HHV of charcoal indicated that this by-product
charcoal would be provided more energy when it will be used with
the biomass in the co-gasiﬁcation process.The HHV of charcoal was higher than the EFB and the bioenergy ef-
fect between themwould happen as the addition of charcoal could pro-
mote gasiﬁcation. Similar effects were observed on the performance of
co-gasiﬁcation of low-rank coal and biomass (Rizkiana et al., 2014).
However, the extents of promoting effect on co-gasiﬁcation from differ-
ent biomass were different. The reactivity of charcoal would be en-
hanced to some extent and easier to be gasiﬁed with biomasses,
producing more gas during gasiﬁcation. Higher content of VM in the
EFBmight be volatilized more easily and attachedmore on the charcoal
surface. This charcoalmight have enhanced the gasiﬁcation process and
optimized the energy efﬁciency. Therefore, charcoal would be the po-
tential source of energy if it is blended with EFB during the co-
gasiﬁcation process for future energy demand.
The three elemental phase ratios (C, H and O) of EFB and charcoal
measured from elemental analysis represented by ternary diagrams
(E-supplementary data for this work can be found in e-version of this
paper online). The percentage of C, H and O of EFB was nearly similar
and plotted near the C boundary line (E-supplementary data for this
work can be found in e-version of this paper online). On contrary, the
charcoal touched the C boundary line because of its very low H content.
Therefore, EFB would produce more gaseous component than charcoal.
Nevertheless, charcoal might have supported the biomass for longer
combustion time due to its higher C compared to EFB. The fuel proper-
ties of EFB and charcoal was found to be a better understanding by Van
Krevelen diagram, where the hydrogen/carbon (H/C) molar ratio was
plotted against the oxygen/carbon (O/C) molar ratio (E-supplementary
data for this work can be found in e-version of this paper online). Gen-
erally, biomass indicated higher ratio of O/C and H/C compared to fossil
fuel (Kang et al., 2016).
The H/C ratio for EFB and charcoal were 0.12 and 0.02, respectively
and O/C ratio were 1.20, and 0.77, respectively (E-supplementary data
for this work can be found in e-version of this paper online). Therefore,
the values of atomic ratios of O/C was more than H/C shown to be sim-
ilar trend of both EFB and charcoal alike in the literature (Du et al.,
2014). Furthermore, EFB shows the higher H/C and O/C ratio than char-
coal. Thismight be carbonized signiﬁcantly by lowering theH/C andO/C
ratio through the splitting of water during gasiﬁcation (Titirici et al.,
2006). The advantages of raw samples include the intensifying
bioenergy by reducing H/C and O/C ratios which could be clearly visual-
ized by Van Krevelen diagram.
The functional group of biomass and charcoal samples was analyzed
under certain pyrolysis condition using FTIR, and individual infrared (E-
supplementary data for thiswork can be found in e-version of this paper
online). It is generally known that the distinctive components of bio-
mass are cellulose, hemicellulose and lignin, consequently, their func-
tional groups and spectral bands are also similar (Meng et al., 2013).
The most prominent peaks in the FTIR spectra for EFB and charcoal
showed adsorption bands at 3437.11and 3435.04 cm−1, respectively
which were attributed to the O\\H stretching (Lin et al., 2016). The
EFB showed the additional bands at 2918.58 indicated C\\H stretching
(Song et al., 2015), which was absent in charcoal. It would be noted
that bands at 1638.46 in EFB and relatively weak band at 1635.91 cm−1
corresponds to the stretching vibration of bending mode of O\\H (Liu
et al., 2006) in the charcoal. A small peak at 1465.26 was also observed
for EFB, which indicated CH2 symmetric stretching (Liu et al., 2006). In
addition, the peak at 1045.03 is related to C\\O\\C stretching (Liu et al.,
2006) observed in the EFB, but not in the charcoal. Furthermore, EFB con-
taining bands which are associated with the typical values of cellulose,
hemicellulose or lignin, that havebeen interpretedbased on the literature
(Liu et al., 2006), where as insigniﬁcant bands followed by the charcoal.
Therefore, the selected biomass is most likely consisted of C\\H, O\\H
and CH2 stretching, whereas charcoal showed only OH due to the pres-
ence of moisture (Meng et al., 2013).
TheX-raydiffractogram shows that the peaks at 44.02o, 64.36o, 77.4o
and 29.44o for the charcoal are assigned to the presence of carbon (E-
supplementary data for this work can be found in e-version of this
44 M.U. Monir et al. / Bioresource Technology Reports 1 (2018) 39–49paper online). The sharp high intensity peaks describe the crystalline
nature of the charcoal. The appearance of a broad peak of EFB in the
XRD pattern at 2θ value of 24.3o, and 77.48o indicated that the EFB
used in this study were cellulose I type (Fahma et al., 2010). The
diffractogram of the cellulose showed an amorphous peak at 2θ of
24.3o similar to results reported earlier (Johar et al., 2012).
The TEM images of EFB and charcoal can be seen that the cellulosic
structure and aggregated nanoparticles were clearly observed in the
EFB biomass (E-supplementary data for this work can be found in e-
version of this paper online). A sphere-shaped particle was identiﬁed
which was the length of 14.37 nm and wide was 7.79 nm (E-supple-
mentary data for this work can be found in e-version of this paper on-
line). Some other spherical (avg. 18.80 nm) particles was observed
which are aggregated within the porous cellulosic structure. Distinct
differences were observed in the shape and structures of charcoal
might be due to the dominating materials presence in the charcoal.
The dominant particles of charcoal were round to spherical in shape
with the diameter ranges from 68.74 to 125.54 μm (E-supplementary
data for this work can be found in e-version of this paper online).
To obtain insights into the distribution of C and O functionalities in
the EFB and charcoal, the carbonaceous materials were also character-
ized by XPS. This characterization helps us to understand more about
the chemical existence of elements such as binding energy, type of
bond and oxidation state in the feedstocks. The C1s peak in the EFB sam-
ple was deconvoluted into two different peaks, where binding energies
of 285.52 eV and 290.18 eV (E-supplementary data for this work can be
found in e-version of this paper online). Three different peaks in the EFB
at the binding energy of 530.3 eV, 532.97 eV and 536.63 eV were
assigned to the O1s peaks (Wang et al., 2015). The detection of oxygen-
ated functional groups was consistent with the ﬁndings of proximate
and ultimate analysis. The XPS narrow scans for N 1s and S 1s for the
EFB are shown in supplementary data (E-supplementary data for this
work can be found in e-version of this paper online). The spectrum of
the samples shows a peak at 400.0 eV, 401.48 eV, 402.93 eV,
404.20 eV, 405.74 eV corresponding to N1s species typically present in
high-surface samples. The signal at 160.47 eV, 162.21 eV, 163.47 eV,
165.49 eV and 168.49 eV binding energy, which is ascribed to S2p spe-
cies in the sample (E-supplementary data for this work can be found in
e-version of this paper online). This ﬁnding agrees well with other re-
searchers (Cai et al., 2014).
Deconvolution of the C1s peak of charcoal corresponds to the differ-
ent carbon-based functional groups as shown in supplementary data (E-
supplementary data for thiswork can be found in e-version of this paper
online). The presence of deconvoluted C1s peaks at two different bind-
ing energies of 292.94 eV, and 297.77 eV supports the existence of
C\\C/C_C, C\\O\\C respectively (E-supplementary data for this work
can be found in e-version of this paper online). This result is consistent
with studies reported by Chia et al. 2014. The graphite (C_C) and ali-
phatic (C\\C) are ﬁtted together into single peak due to the proximity
of their binding energy. From elemental analysis (Table 1) it wasTable 2
ASPEN Plus unit assumptions for simulation.
Aspen Plus
block
name
Description
MIXER
RSTOIC
Mixture of EFB and Charcoal
Reduces the moisture content of the feedstock
RYIELD Elemental decomposition of fuel and product distribution.
AIR
BLOWER
RGIBBS
CYCLONE
COOLAR
Flows the air to the reactor
Models single-phase chemical equilibrium by minimizing Gibbs free energy,
subject to material balance constraints.
Separates gases from solid
Convert hot gases to atmospheric temperatureevident that the total carbon content of EFB and charcoal is 42.33 and
55.43% respectively in the form of condensed aromatic rings and ali-
phatic groups. Three different peaks in the charcoalwith the binding en-
ergy of 542.79 eV, 544.32 eV and 546.19 eV could be assigned to the O1s
presence in the charcoal sample (E-supplementary data for this work
can be found in e-version of this paper online).
3.2. Simulation
The simulation of biomass gasiﬁcation by using Aspen Plus® has
been reported by many researchers (Atnaw et al., 2017a; Peters et al.,
2017; Zhang et al., 2017). Simulation model is a suitable option to min-
imize the experimental cost and time. An Aspen Plus® simulator was
used in this study to optimize the gasiﬁcation temperature and pres-
sure. The Gibbs free energy model for the co-gasiﬁcation of EFB with
charcoal were performed based on assumptions as shown in Table 2.
The kinetics of drying, devolatilization, combustion and reduction
were coupled with the gasiﬁcation reactors on ASPEN PLUS platform
(Fig. 3). The reactions were deﬁned by Gibbs equilibrium and reaction
rate kinetics were used to determine the product gas. Different types
of aspen plus block was considered in this study. No steamwas consid-
ered in this system as a result of the native content of water in the feed-
stocks and inlet air.
Fig. 3a represents the main ﬂowsheet of the model as it was taken
from the Aspen Plus (v 8.6) screenshot. In the initial stage, feedstocks
mixed together and feed to the RSTOICwheremoisture content reduces
(Fig. 3b). The RYIELD blockwas used for the devolatilization of the feed-
stock. After passing through the drying and pyrolysis stage, the feed-
stocks were converted into different types of elements (C, H, O etc.) as
shown in Fig. 3b. Subsequently, dry feedstock (elements) moved
down due to gravity and came in contact with air in the RGIBBS block.
The produced gas contains some particles which are eliminated using
the CYCLONE solid separator and ﬁnally hot syngas are cooled using
heat exchanger aspen plus block. In this study, the aspen plus simula-
tion was run using RGIBBS and considered as the reduction zone. The
property method was selected for the simulation as NRTL (Renon)
with ideal gas and Henry's law. The stream temperature and pressure
were varied from 500 to 1200 °C and 1–55 bar respectively. The simula-
tion was used to estimate the physical parameters of the conventional
components produced during the gasiﬁcation process (e.g. H2, CO,
CO2, CH4).
Simulation results (Fig. 4a–e) shows that the effect of temperature
on CH4, CO2, CO and H2 production gas at different pressure. As can be
seen that the production of syngas increased with increasing tempera-
ture and pressure (Fig. 4a–e). The highest syngas production was ob-
tained at pressure of 35 bar and no signiﬁcant change in gas
production was observed when the pressure increased to above
35 bar. The optimum temperature and pressure from the simulation
was 975 °C and 35 bar, respectively. The decomposition temperature
of 960 °C for cellulose, hemicellulose and lignin was obtained fromAssumptions for Aspen Plus
modelling
• The biomass is considered as EFB and contains only C, H, O
• Charcoal contains only C-graphite
• Co-gasiﬁcation of EFB and charcoal
• Co-gasiﬁcation process is isothermal and steady state
• EFB and charcoal devolatilization is instantaneously and volatile matter
remains H2, CO, CO2, CH4, and H2O gases
• Gases are considered ideal
• Temperature and pressure is uniformly distributed within the reactor
• Tar and higher hydrocarbons are not considered
• Air supply in the oxidation zone was considered only oxygen (O2)
Fig. 3. (a) A snapshot of the Aspen Plus (V 8.6) model ﬂow sheet for the co-gasiﬁcation of EFB and charcoal (b) Gasiﬁcation mechanisms using aspen plus ﬂow sheet model.
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sult. The Similar result was reported by Ramani et al. (2004) for the
highest production of syngas at 35 bar.
3.3. Syngas production
Based on the characterization and simulation results, optimized
temperature and pressure were used for the gasiﬁcation of EFB and
co-gasiﬁcation of EFBwith charcoal. Temperature is themost important
variable that affects the EFB gasiﬁcation or EFB with charcoal co-
gasiﬁcation process. The temperature ranges in the drying, pyrolysis,
oxidation and reduction zone was theoretically 200–300 °C, 500–600 °C,1000–1200 °C, and 700–900 °C, respectively (Cai et al., 2016; Monir
et al., 2017). The investigated average temperature recorded by
data logger for four individual reactor zones and temperature differ-
ence between theoretical and experimental is represented in the
Table 3. The average experimental temperature in the pyrolysis
zone (T2) was lower than the theoretical temperature, and in the ox-
idation zone (T3) was also lower than the theoretical value, whereas
the average experimental temperature for drying zone (T1) and re-
duction zone (T4), were obviously higher than the theoretical value
both EFB gasiﬁcation and EFB with charcoal co-gasiﬁcation. Particu-
larly, the average experimental temperature for T1 was obviously
too much higher than the theoretical temperature.
Fig. 4. Effect of temperature and pressure on mole fraction using Aspen plus simulation: (a) 1 bar (b) 5 bar (c) 15 bar (d) 25 bar (e) 35 bar (f) 45 bar (g) 55 bar.
Table 3
The contrast analysis of experimental and theoretical temperature during the gasiﬁcation of EFB and co-gasiﬁcation of EFB with charcoal.
Parameters Gasiﬁcation of EFB Co-gasiﬁcation of EFB with charcoal
Drying zone
(T1)
Pyrolysis zone
(T2)
Oxidation zone
(T3)
Reduction zone
(T4)
Drying zone
(T1)
Pyrolysis zone
(T2)
Oxidation zone
(T3)
Reduction zone
(T4)
Experimental temperature (°C) 350 410 792 870 380 518 1000 975
Theoretical temperature (°C) 250 550 1100 800 250 550 1100 800
Temperature difference (°C) 100 −140 −308 70 130 −32 −100 −152
Absolute temperature (%) 40 25.45 28 8.75 52 5.82 9.09 19
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47M.U. Monir et al. / Bioresource Technology Reports 1 (2018) 39–49Comparedwith the average theoretical temperature, the average ex-
perimental temperature both gasiﬁcation and co-gasiﬁcation for oxidiz-
ing was lower than 28% and 9.09%, respectively. The plausible reason of
this phenomenon could be due to the hot ﬂue gases produced from
many reactionswith high temperature in the drying and pyrolysis zone.
Fig. 5 represents the experimental results of EFB gasiﬁcation and co-
gasiﬁcation of EFB with charcoal. As shown in Fig. 5, the syngas (CO and
H2) concentration increased with increasing pressure from 25 bar to
35 bar. With further increasing pressure beyond 35, no signiﬁcantFig. 5. Effect of pressure at 975 °C (a) and temperature at 35 bar (b) on production using EFB an
mixed with charcoal.change in gas concentration was observed. It was observed that the
CO and H2 concentration for the co-gasiﬁcation was relatively higher
than the gasiﬁcation at 975 °C. The experimental results fromdowndraft
reactor was indicated that the process still played positive roles for co-
gasiﬁcation which was consistent with the result obtained from the
aspen plus ﬂow sheet model. The comparison throughout the gasiﬁca-
tion process found that the gasiﬁcation efﬁciency was improved signif-
icantly with the rapid increased of temperature in the oxidation zone.
During the gasiﬁcation or co-gasiﬁcation process, complex reactionsd effect of pressure at 975 °C (c) and temperature at 35 bar (d) onmole fraction using EFB
Fig. 6. Economic analysis of product syngas using aspen plus simulator.
48 M.U. Monir et al. / Bioresource Technology Reports 1 (2018) 39–49were occurred.When air (oxygen) come in contactwith the elements in
the combustion or oxidation zone produced volatile compounds and
light gases that were pyrolysis output (Eq. (7)) and formed charcoal
(Eq. (8)) which leads to having high CO concentrations during the tran-
sition stage and stable state.
CnHm þ n2O2→nCOþ
m
2
H2 ð7Þ
Cþ nO2→ 2−2nð ÞCOþ 2n−1ð ÞCO2 ð8Þ
The gases are available in the reactor in drying, pyrolysis and
devolatization processes, which implies that CO and H2 increased
(Eqs. (9) and (10)):
CnHm þ nH2O→nCOþ nþm2
 
H2 ð9Þ
CnHmnCO2→2nCOþ m2
 
H2 ð10Þ
Another reactionwas taken place that limits the quantity of CO2 pro-
duced by partial CO oxidation is the Boundard heterogenous reaction
(Eqs. 11 and 12). It was evident (Adeyemi et al., 2017; Ali et al., 2017)
that the high heating rate and energy-transfer conditions were favored
the following reactions in downdraft reactors.
Cþ 1
2
O2→CO2 ð11Þ
Cþ CO2→2CO ð12Þ
Admission of a small fraction into the process (in our case, only the
combustible moisture), at bed temperatures at 975 °C, promoted other
reactions, such as gasiﬁcation (Eq. (13)) and methanation (Eq. (14))
heterogenous reactions as well as shift homogeneous reactions
(Eq. (15)) and reformed methane-vapor (Eq. (16)) with which syngas
composition stability of the produce gas reached.
Cþ H2O→COþ H2 ð13Þ
Cþ 2H2→CH4 ð14Þ
COþH2O→CO2 þH2 ð15Þ
CH4 þH2O→COþ 3H2 ð16Þ
Further the HHV and LHV at 975 °C was calculated from produced
syngas from the Eqs. 3 & 4 as shown in Table 1. The heating value
(HHV and LHV) of the produced syngas were more in co-gasiﬁcation
than in the EFB gasiﬁcation and good agreement with the literature
value (Shahbaz et al., 2017). Similarly, cold gas efﬁciency and carbon
conversion efﬁciency was also higher in co-gasiﬁcation process, when
charcoal was added with the EFB.
Furthermore, an economic analysis was performed in this study
using aspen plus simulator. For the sake of optimized temperature and
pressure for co-gasiﬁcation of EFBwith charcoal in a downdraft reactor,
it is of persistence to reduce the syngas production cost, reducing feed-
stock cost, enhancing the gasiﬁcation rate andﬁnally to valid its suitabil-
ity for commercialization. The economic analysis depends on several
factors, mainly the capital costs of the equipment (i.e. downdraft reac-
tor, air blower, cyclone separator, heat exchanger, civil works and suit-
able local distribution network) and maintenance cost. The feedstocks
price was also another variable factor that inﬂuence the syngas cost. In
this study, aspen plus simulator was used to evaluate the optimum
proﬁt using FORTRAN CODE considering produced syngas of CO and
H2. The optimum pressure and temperature was set for the evaluation
are 35 bar and 975 °C, respectively. The prices of the CO and H2were as-
sume to be $0.6 and $16, respectively. The economic evaluation result isshown in Fig. 6. Fig. 6 shows the proﬁt of syngas at the temperature of
875, 975 and 1075 °C were $2.2129, $2.4203 and $2.3739, respectively.
Therefore, this study suggested that at the pressure of 35 bar the maxi-
mumproﬁt for syngas production thatwould be produce at the temper-
ature of 975 °C.4. Conclusions
A rigorousmodel for coal gasiﬁcation of an entrainedﬂowconﬁgura-
tion has been developed. The simulationmodel was found to be in good
agreement with the experimental data of downdraft reactor. With in-
creasing the reactor temperature and pressure led to the production of
more CO and H2 for both feedstocks, and hence an increase in gasiﬁca-
tion efﬁciency. The presence of charcoal in the gasiﬁcation process pro-
motes the overall mole fraction of gas species of H2 and CO at optimized
temperature (975 °C) and pressure (35 bar). Therefore, the EFB is more
efﬁcient for co-gasiﬁcation with charcoal that might enhance the gasiﬁ-
cation process. Theﬁndings from this study are vital as it provides an in-
sight for future application of co-gasiﬁcation of EFB and charcoal.
Further study should be needed for maximizing energy efﬁciency with
a suitable process for the mole fraction of other clean and sustainable
fuels for the fulﬁllment of future energy demand.Acknowledgements
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